Aim: Xiao-Ke-An (XKA) is a traditional Chinese medicine (TCM) formula for the treatment of type 2 diabetes (T2D), and the effective ingredients and their targets as well as the mechanisms of XKA remain to be elucidated. In this study we investigated the therapeutic mechanisms of XKA in the treatment of T2D in mice using a Fangjiomics approach. Methods: KKAy mice feeding on a high-fat diet were used as models of T2D, and were orally treated with XKA (0.75 or 1.5 g·kg -1 ·d -1 ) for 32 d. Microarray mRNA expression data were obtained from the livers of the mice. Differentially expressed genes (DEGs) were identified by reverse rate analysis and ANOVA analysis. The compounds in XKA were identified by LC-MS analysis or collected from TCM databases. The relationships between the compounds and targets were established by combining the DEGs with information derived from mining literature or herb target databases. Relevant pathways were identified through a Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis using WebGestalt. Results: The compound-target-pathway network based on compounds identified by LC-MS analysis (NCA) included 20 constituent compounds, 46 targets and 36 T2D-related pathways, whereas the compound-target-pathway network based on compounds collected from databases (NCD) consisted of 40 compounds, 68 targets and 21 pathways. In the treatment of T2D, XKA might act mainly by improving carbohydrate and lipid metabolism, as well as ameliorating insulin resistance, inflammation and diabetic vascular complications. Conclusion: The network-based approach reveals complex therapeutic mechanisms of XKA in the treatment of T2D in mice that involve numerous compounds, targets, and signaling pathways.
Introduction
Type 2 diabetes (T2D) is one of the most rapidly increasing diseases throughout the world as a result of high rates of obesity, increased urbanization and lifestyle changes [1] . T2D is a chronic, complex and progressive disease involving multiple pathophysiological defects, such as insulin resistance and β-cell dysfunction [2, 3] . Exercise, diet management and the administration of oral anti-diabetic agents are widely applied to control glucose homoeostasis in both the postprandial and fasting states [4] . Many oral medications for T2D are currently available, the majority of which are single-target drugs. However, the prolonged administration of these medicines could lead to numerous adverse effects, long-term toxicity, or drug tolerance [5] . For example, thiazolidinediones (TZDs), which are peroxisome proliferator-activated receptor-γ (PPAR-γ) agonists, could cause weight gain and fluid retention. Moreover, rosiglitazone therapy has been associated with a significantly increased risk of cardiovascular events [6] . Metformin may cause gastrointestinal disturbances [7] and lactic acidosis [8] . Multi-target drugs and formulas, eg, traditional Chinese medicine (TCM), show distinctive superiority in the treatment of complex diseases compared to single-target drugs [9, 10] . Fangji (a TCM formula) consists of multiple ingredients or modalities and is commonly used in clinical practice to treat different diseases in China. For example, Fangji has been used for thousands of years to treat T2D, which belongs to the scope of 'Xiaoke' in TCM. Abundant clinical practical experience has been accumulated, and some Fangjis exhibit sound clinical efficacy in the treatment of this disease. However, its detailed therapeutic mechanisms remain unclear.
Fangjiomics is the science of designing effective mixtures of Fangjis and elucidating their modes of action often by combining omics technologies [11] , and network pharmacology offers a network perspective to understand the relationships between drugs and targets. By integrating system-level omics data (eg, transcriptome expression data) with network-based analyses, a new avenue has emerged to help explain the complex therapeutic mechanisms of Fangji.
Xiao-Ke-An (XKA) is a Chinese medicine for T2D approved by China Food and Drug Administration. However, the effective ingredients and their targets as well as the therapeutic mechanisms of XKA remain to be systematically elucidated. In this study, the therapeutic mechanisms of XKA were investigated using a Fangjiomics approach, as shown in Figure 1 . By combining compounds of XKA with their associated targets and pathways, compound-target-pathway networks were constructed to illustrate the molecular mechanisms of XKA for T2D from a network perspective. This study provides a novel approach for studying the mechanisms of Fangji in the treatment of complex diseases.
Materials and methods

Materials
XKA samples were obtained from Jilin Tonghua Huaxia Pharmaceutical Co Ltd (Jilin, China). Eight-week-old male KKAy mice were obtained from Beijing HFK Bioscience Co, Ltd (Beijing, China). Age-matched male non-diabetic C57BL/6J mice were obtained from Shanghai SLAC Laboratory Animal Co, Ltd (Shanghai, China).
Animal experiment
All mice were maintained in an air-conditioned room (temperature, 22±2 °C; relative humidity, 55%±15%) with a 12-h light/dark cycle and were allowed ad libitum access to food and water. The KKAy mice were used as models of T2D and were fed a high-fat diet. The C57BL/6J mice were fed normal diets and were used as non-diabetic controls. The Animal Ethics Review Committees of Zhejiang University approved all the procedures.
After 2 weeks of acclimation, KKAy mice were assigned to 4 groups according to their fasting blood glucose values. The KKAy mice received the once-daily oral administration of either distilled water (model group), XKA (1.5 g/kg), XKA (0.75 g/kg), or metformin (250 mg/kg). The C57BL/6J mice were gavaged with distilled water as a normal group.
After 32 d of drug administration, all the mice were sacrificed in the fed state, and the livers were collected and stored in liquid nitrogen. The metformin treatment group was used as the positive control. The therapeutic effects of XKA (both 1.5 g/kg and 0.75 g/kg) and metformin on controlling T2D were tested, and the results will be reported in a separate paper. XKA (1.5 g/kg) treatment exhibited more potent antidiabetic effects than XKA (0.75 g/kg). Therefore, the livers from the normal, model and XKA (1.5 g/kg) treatment groups were used for further microarray experiments in this study.
Microarray experiment
Total RNA was extracted using the mirVana TM PARIS TM Kit (Ambion, Austin, TX, USA) following the manufacturer's instructions. RNA quality was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Only RNAs with RNA integrity numbers (RINs) ≥7.0 and 28S/18S ratios ≥0.7 were used for the microarray experiments. A whole-genome microarray analysis was performed using the Affymetrix mouse 430 2.0 array. The processes of sample labeling, microarray hybridization and washing were performed according to the manufacturer's standard protocols. Total RNA was transcribed to double strand cDNA, and then the biotin-labeled cRNA was synthesized. The labeled 
Microarray data analysis
The raw data were analyzed using ArrayTrack 3.5.0 [12] , a Javabased microarray analysis tool developed by the US FDA. Global scaling normalization was performed with Median Scaling Normalization in ArrayTrack 3.5.0 using a target median value of 1000. The reversal effect of XKA on gene expression in the diabetic models was evaluated with a reverse rate (RR) analysis [13] . This effect was calculated via the follow-
, and D i are the average expression levels of gene i in the normal group, model group, and XKA treatment group, respectively. Differentially expressed genes (DEGs) were identified using RR>0.5 and an analysis of variance (ANOVA) among each group with a cutoff P value ≤0.05. The gene expression levels of these DEGs in T2D models were reversed due to the effects of XKA.
Network construction
Two different approaches were adopted to construct the compound-target-pathway network. In the first method, the compounds in XKA identified by liquid chromatography-mass spectrometry (LC-MS) analysis (the process will be reported in a separate paper) were introduced. These compounds were then used separately to identify their associated targets. The targets of the compounds identified by the LC-MS analysis were searched by manually mining the existing literature in PubMed. If a gene or protein was reported to be affected by a compound in XKA in the abstract of an article, it was considered a potential target of the compound. The DEGs confirmed by mining the literature were assessed as potential targets of XKA.
Relevant pathways were further identified through a Kyoto Encyclopedia of Genes and Genomes (KEGG) [14] pathway enrichment analysis of the potential targets of XKA using WebGestalt [15] . The pathways closely related to diabetes were selected for further analysis.
In the second method of network construction, TCM and herb databases, including TCM-ID [16] , HIT [17] , and TCM@Tai-wan [18] , were used to identify the chemicals in XKA by searching the constituent herbs of XKA (Rehmanniae radix, Anemarrhenae rhizoma, Coptidis rhizoma, Lycii cortex, Lycii fructus, Polygonati odorati rhizoma, Ginseng radix et rhizoma and Salviae miltiorrhizae radix et rhizoma). The Traditional Chinese Medicine Integrated Database (TCMID) [19] records TCM-related information collected from different resources and through text-mining methods. This database was used in this study to investigate the targets of the compounds. The DEGs confirmed by the herb target database were assessed as potential targets of XKA. Relevant pathways were identified as described above.
Based on these results, the compound-target-pathway network with compounds identified by LC-MS analysis (NCA) and the compound-target-pathway network with compounds collected from databases (NCD) were separately constructed using Cytoscape version 2.8.2 [20] . If the interaction between a compound and a target was described in the literature or herb target database, the component and the associated target were connected with a line. The edge between the target and pathway was constructed with the relationship obtained in the pathway enrichment analysis.
Results
We first applied a principal component analysis (PCA) of the data to the global gene expression data. The PCA view using the principal component 1 (PC1) and principal component 5 (PC5) for the global gene expression data from the samples of normal, model and XKA-treated groups is shown in Figure  2 . In the plot, all of the normal samples are clustered together on the right, whereas the T2D model ones are scattered on the left. The XKA-treated ones are located between the normal and the model samples. This result suggested that the XKAtreated samples exhibited a certain degree of reversion from the disease state to the normal state at the global gene expression level along the PC1 direction.
According to the Orthologene database in ArrayTrack, the mouse gene names were converted to the human names. In total, 1743 genes (2575 probe sets) were found to be differentially expressed, with RR>0.5 and P value ≤0.05 after treatment with XKA. A hierarchical cluster analysis (HCA) was performed on the DEGs, as shown in Figure 3 . All the replicates within each experimental group clustered together, indicating Table S1 .
The top 10 compounds with the most targets are listed in Table 1 . Berberine had 21 targets, and the target numbers of ginsenoside Rg1, ginsenoside Rb1, ginsenoside Re and ginsenoside Rd were 17, 14, 10, and 8, respectively.
Based on the whole-genome expression data and the target information for the LC-MS-identified constituent compounds in XKA, a compound-target-pathway network (NCA) was constructed. NCA consisted of 102 nodes and 290 edges, as illustrated in Figure 4A and Table 2 .
Among the XKA constituent compounds identified by mining databases, some widely distributed compounds, such as palmitic acid, were excluded. A total of 40 constituent compounds were gathered from TCM-ID, HIT and TCM@Taiwan for further use, and 68 DEGs were identified as potential targets of the 40 constituent compounds by mining the drug target database. A total of 21 T2D-associated pathways were enriched, as shown in Table 2 .
Based on the results of the microarray gene expression analysis and the target information of XKA's databases derived constituent compounds from the drug target database, the compound-target-pathway network with compounds collected from databases (NCD) was also built. NCD consisted of 129 nodes and 204 edges, as illustrated in Figure 4B .
Many potential targets were regulated by more than one compound in both NCA and NCD. For instance, CASP3 was influenced by 14 compounds in NCA and 15 in NCD. For some compounds, the number of potential targets differed between these two networks. superoxide dismutase 1 (SOD1) was influenced by 13 compounds in NCA, whereas the number was only 6 in NCD. However, SOD1 was targeted by catalpol, danshensu and mangiferin in both NCA and NCD.
Berberine derived from Coptidis rhizoma, ginsenosides from Ginseng radix et rhizome, and polyphenolic substrates from Salviae miltiorrhizae radix et rhizoma influenced most of the targets of XKA in NCA. In NCD, berberine, betaine derived from Lycii cortex, ginsenosides, tanshinones and polyphenolic substrates derived from Salviae miltiorrhizae radix et rhizoma were the most influential compounds. Common targets regulated by the same compound of XKA were summarized from both networks (NCA and NCD) and are listed in Table S2 .
Pathways related to energy metabolism, insulin resistance, oxidative stress, inflammation and apoptosis processes were included in both NCA and NCD. Therefore, the complex therapeutic mechanisms of XKA for T2D might mainly involve improving energy metabolism and ameliorating insulin resistance, oxidative stress and inflammation. Pathways associated with vascular disease, such as the VEGF and ErbB signaling pathways, were also enriched in both networks. This result suggests a potential use of XKA to attenuate diabetic complications, eg, diabetic retinopathy and diabetic nephropathy.
Discussion
Two compound-target-pathway networks, ie, NCA and NCD, were constructed separately in this study. Because of the different origins of the constituent compounds in XKA, these two The major components of XKA were included, with the majority of therapeutic mechanisms represented. However, many trace ingredients might not be detected with this method. The TCM databases collect numerous data from scientific publications, and the information about the compounds of the constituent herbs in XKA was much more comprehensive. Thus, NCD would reveal more comprehensive and integrated therapeutic mechanisms of XKA.
In both NCA and NCD, berberine was one of the most intriguing compounds, regulating 21 (in NCA) and 25 (in NCD) DEGs. Berberine is a star molecule originally derived from the Chinese herb Coptis Chinensis and is usually used as an antibiotic agent for treating gastrointestinal infections. Since the accidental discovery of the hypoglycemic effect of berberine, numerous studies in animal and cell line models, as well as clinical investigations, have been reported. Some other Fangjis containing berberine have also been reported to exhibit anti-diabetic effects [21, 22] . Berberine may improve insulin sensitivity through the induction of insulin receptor expression [23, 24] . In this study, XKA reversed the decreased mRNA expression of the insulin receptor (INSR), which might be attributed to the effect of berberine. Additionally, a portion of the hypoglycemic effects of berberine might be attributed to its improvement of glucose transport [25, 26] . XKA reversed the decreased mRNA expression of solute carrier family 2 member 1 (SLC2A1), which might contribute to this effect of XKA.
Betaine is a trimethyl derivative of glycine originally derived from Lycii cortex. Dietary betaine supplementation significantly decreases the mRNA levels of lipoprotein lipase (LPL) [27] . Therefore, betaine might contribute to the improvement in lipid metabolism by XKA.
Mangiferin, a xanthonoid from Anemarrhenae rhizoma, significantly reduced the total inflammatory cell counts and down-regulated the levels of one group of cytokines, including Th2-related IL-4, in mouse model of allergic asthma [28] . In lipopolysaccharide-stimulated alveolar macrophages, catalpol inhibited TNF-α, IL-6, IL-4 and IL-1β production [29] . Therefore, these compounds might contribute to the anti-inflammatory effects of XKA.
Oxidative stress plays a prominent role in glucose metabolism abnormalities, which is one of the risk factors associated with insulin resistance, T2D and diabetes complications. SODs, the primary cellular defense against superoxide radicals, catalyze the conversion of superoxide to hydrogen peroxide, which can be subsequently converted to water by other antioxidants [30] . Patients with insulin resistance had decreased plasma SOD activity [31] . The genetic ablation of SOD1 led to glucose intolerance, which was associated with β-cell insulin secretion reduction and β-cell volume decrease [32] . Catalpol has been reported to exert significant cytoprotective effects on astrocytes by suppressing the production of free radicals and elevating antioxidant capacity. This process was partly dependent on the elevated activities of antioxidases, including SOD [33] . In a rat model of hypertrophy, danshensu prevented cardiac ligation/reperfusion injury and improved cardiac function, which partially resulted from the increased serum activity of SOD by the antioxidants [34] . The oral administration of mangiferin to diabetic rats significantly restored the activity of antioxidant enzymes, such as SOD [35] . Ginsenoside Rd exhibited anti-inflammatory activities by elevating the activity of antioxidant enzymes, including SOD, in vivo [36] . Nuclear factor erythroid 2-related factor-2 (NRF2, also known INSR SLC2A1 FOXO3 NANOG HIF1A VEGFA CASP3 TP53 MAPK8 SOD1 SOD2 BAX TFRC GPT2 GOT2 XIAP  VCAM1 SRC CCNB1 WEE1 PPARGC1A  RHOB IQGAP1 LAMA4 TP53 CREB1 BAX CASP3 HIF1A PIK3CA VEGFA CTNNB1 IGF1 MAPK8 TH IL4 SOD1 SOD2  SOD1 SOD2 BAX CASP3 TP53 ROCK2 MAP2K1 MAP2K2 ATP1B1 ATP1A1 MAPK8 NFE2L2 VCAM1 EIF2A VEGFA  CASP3 MAPK8 BAX IRAK1 VEGFA HIF1A VCAM1 SOD1 SOD2 PIK3CA NFE2L2 TP53 IL4 CREB1  IL4 MAPK8 SOD1 SOD2 ATP2A1 ATP1B1 ATP1A1 BAX CAMK2B AGER CREB1 VEGFA TH CASP3  CASP3 BAX PIK3CA MAPK8 IRAK1 IL4 FABP4 SOD1 SOD2 TH  NFE2L2 VEGFA CASP3 BAX AGER SOD1 SOD2 as NFE2L2) is a transcription factor that regulates the expression and coordinated induction of numerous reactive oxygen species-detoxifying and antioxidant genes [37] . The up-regulation of NRF2 alleviates oxidative stress and reduces the risk of chronic diabetic complications [38] . Danshensu pretreatment significantly attenuated 6-hydroxydopamine-induced reactive oxygen species (ROS) production in PC12 cells, which was mediated by activating the nuclear translocation of NRF2 [39] . Salvianolic acid A increased the protein expression of NRF2 to inhibit H 2 O 2 -mediated damage in primary cultured retinal pigment epithelial cells [40] . Salvianolic acid B attenuated toxininduced neuronal damage by increasing the expression and nuclear translocation of NRF2 [41] . Therefore, these compounds may be the major components of XKA that improve the activities of antioxidant enzymes, reduce oxidative stress and prevent metabolic dysfunction.
Atherosclerosis is one of the main causes of death in patients with diabetes. Circulating leukocytes adhering to the vascular endothelium at the atherosclerosis sites plays a critical role in the development of atherosclerosis. Adhesion molecules, such as intercellular adhesion molecule-1 (ICAM1) and vascular cell adhesion molecule-1 (VCAM1), play an important role in the process of leukocyte recruitment. The serum VCAM1 concentration of diabetic patients with macroangiopathy was elevated [42] . Serum VCAM1 might be a marker of atherosclerotic lesions in T2D patients with atherosclerosis [43] . Salvianolic acid B attenuated the expression of VCAM1 in a dose-dependent manner and significantly inhibited the adhesion of a human monocytic cell line to human aortic endothelial cells [44] . Ginsenoside Rb1 could effectively block the TNF-α-induced overexpression of VCAM1 in human endothelial cells [45] . Vascular endothelial growth factor (VEGF) is a multifunctional cytokine that promotes angiogenesis and microvascular permeability. VEGF is believed to play a significant role in the development of diabetic complications. VEGFA variants were associated with the development of diabetic retinopathy [46, 47] . Ginsenoside Rb1 obviously enhanced the expression of VEGF and enhanced myocardial angiogenesis [48] . Ginsenoside Rg1 treat- Figure 4B. (B) The compound-target-pathway network with compounds collected from databases (NCD). Green diamond nodes represent compounds; pink circle nodes represent target genes; purple rounded square nodes represent T2D-associated pathways. The node size is proportional to the degree of the node. Green edges link compounds to target genes and blue edges link target genes to T2D-associated pathways.
www.nature.com/aps Yang ZZ et al Acta Pharmacologica Sinica npg ment significantly enhanced angiogenesis and preserved cardiac function, partly by increasing the expression of hypoxiainducible factor 1 (HIF-1) and VEGF [49] . Ginsenoside Rg1 also increased the secretion of VEGF by endothelial progenitor cells [50] . Crude extracts of Salvia miltiorrhiza and salvianolic acid B enhanced angiogenic processes in mouse endothelial SVR cells through the upregulation of VEGF and VEGF receptor genes [51] . However, berberine was reported to mediate antiangiogenic activity through the down-regulation of HIF-1, VEGF, and proinflammatory mediators [52] . XKA led to the upregulation of VEGFA. Therefore, salvianolic acid B, ginsenoside Rg1 and ginsenoside Rb1 are currently considered to overcome berberine in the regulation of VEGFA.
Some potential targets were affected by more than one compound, while many compounds targeted several genes or proteins. Multiple components of XKA affected numerous targets related to a series of processes involved in progressive disorders; these components would exert synergistic therapeutic effects on T2D.
Many pathways are related to T2D, and pathways related to energy metabolism, insulin resistance, oxidative stress, inflammation, apoptosis processes and vascular disease were all enriched by the related targets. Therefore, these associated mechanisms of action could be the main therapeutic mechanisms of XKA for T2D. The findings regarding XKA in this study provide scientific evidence for the clinical use of XKA for treating T2D. This work also presents the possibility of new indications for XKA in clinical use, such as diabetic vascular complications, which could be further studied.
Conclusion
In this study, compound-target-pathway networks were constructed to illustrate the therapeutic mechanisms of XKA for T2D and to reveal the active compounds of this Chinese medicine in the treatment of T2D. The therapeutic effects of XKA for T2D may be achieved mainly by improving carbohydrate and lipid metabolism as well as ameliorating insulin resistance, oxidation, and inflammation pathways.
